In this study, the advanced oxidation with ozone and UV radiation (with two low pressure UV lamps, at 254 and 185 nm wavelength) were experimented on a surface water in order to study the removal of two odorous compounds (geosmin and 2-methylisoborneol) and a pesticide (metolachlor), the influence on organic compounds (UV absorbance and THM precursors) and bromate formation. Different batch tests were performed with ozone concentration up to 10 mg/L, UV dose up to 14,000 J/m 2 and a maximum contact time of 10 minutes. The main results show that metolachlor can be efficiently removed with ozone alone while for geosmin and MIB a complete removal can be obtained with the advanced oxidation of ozone (with concentration of 1.5-3 mg/L and contact time of 2-3 minutes) with UV radiation (with doses of 5,000-6,000 J/m 2 ). As concerns the influence on the organic precursors, all the experimented processes show a medium removal of about 20-40% for UV absorbance and 15-30% for THMFP (trihalomethanes formation potential). As concerns bromate formation, the advanced oxidation of ozone/UV 254 nm shows a bromate formation that is about 40% lower with respect to conventional oxidation with ozone.
Introduction
An increasing interest in drinking water treatment has recently been shown for the advanced oxidation processes (AOPs), obtained from the combination of different reagents (ozone, hydrogen peroxide and UV light), for the removal of many refractory contaminants, like pesticides and odorous compounds. The compounds most frequently associated with taste and odour are geosmin and MIB (2-methylisoborneol), while metolachlor is a pesticide of new interest for its extensive use and moderate persistence in natural water (Graham et al., 1999) . Some authors have already studied the removal of odorous compounds with AOPs, by combining ozone with hydrogen peroxide (peroxone) or with UV radiation (Koch et al., 1992) , and of metolachlor with ozone combined with UV radiation (Lai et al., 1995) and peroxone (Meijers et al., 1995) . Another important aspect of the advanced oxidation processes is the influence on organic precursors and DBP (disinfection byproducts) formation; THMFP reduction with ozone is due to the degradation of humic substances into low molecular weight compounds that are less reactive towards chlorine (Camel and Bermond, 1998) . The influence of ozone on THM precursors depends on the kind and structures of the organic material that can have different reactivity towards ozone and chlorine; some authors observed that ozonation produces a transformation of natural organic matter from more reactive hydrophobic DOC (that reacts easily with chlorine to produce THMs) to a less hydrophilic fraction, with a consequent lower THM formation (Galapate et al., 2001) . The reduction of trihalomethanes precursors (THMFP) with ozone combined with UV radiation was investigated by Kusakabe et al. (1990) , who observed that both TOC, THMFP and TOX decreased with ozone/UV in comparison with ozone alone. Siddiqui et al. (1996a) observed an increasing reduction of bromate with increasing UV dose, during the advanced oxidation of ozone and UV radiation: from 5-7% with 600 J/m 2 UV dose to about 50% with 6,000 J/m 2 UV dose. The low pressure lamp proved to be more effective than the medium pressure one for similar doses; particularly, the dose required to destroy approximately 40% of bromate from an initial concentration of 50 µg/L using a low pressure lamp was 2,500 J/m 2 (Siddiqui et al., 1996b) .
The objectives of this experimental research are to compare the ozone conventional oxidation with the advanced oxidation of ozone with UV radiation, as concerns geosmin, MIB and metolachlor removal, the influence on DBP organic precursors and bromate formation.
Materials and methods

Raw water
Raw water, collected from the river Secchia at the treatment plant of Tressano (managed by AGAC of Reggio Emilia, in the north of Italy), showed the average characteristics indicated in Table 1 : TOC = 1.8 mg/L; UV absorbance at 254 nm = 0.36 1/cm; THMFP = 70-80 µg/L; bromide = 30 µg/L.
During the experimental tests different water samples were artificially contaminated with 0.5 µg/L geosmin (trans-1,10-dimethyl-trans-9-decalol), 0.2-0.4 µg/L MIB (2methylisoborneol) and 7-10 µg/L metolachlor (2-chloro-N-(2-ethyl-6-methylphenyl)-N-(2-methoxy-1-methylethyl)-acetamide).
Experimental plant
The experimental tests were performed in batch conditions on a laboratory-scale plant ( Figure 1 ) (Q = 10 L/min) formed by a stainless steel feed tank (volume of 20 L), a pump, an in-line ozone injection followed by a static mixer and a low pressure mercury-vapor ultraviolet (UV) lamp. Ozone was generated by means of an "Ozonia Triogen Compact Ozone Generator" (Model TOGC2), with a capacity of 8 gO 3 /h. Two UV lamps (model TR-65) were applied separately with different nominal wavelengths of maximum light intensity of 254 and 185 nm. Each lamp had about 80% of the radiation around the maximum wavelength and the intensity was about 25 W/m 2 .
The experimental conditions tested on water samples were: ozone concentrations = 0-15 mg/L; ozone contact time = 0-14 min; UV dose = 0-14,000 J/m 2 . During each experimental test water was recirculated in the plant (the time required for one complete cycle in the system is 2 minutes) and after each recirculation water samples were collected at the UV chamber outlet at 2, 4, 6, 8, 10, 12 and 14 minutes from the beginning of the test. During each recirculation water received an ozone dose of about 0.3 mg/L and an UV dose of 2,700 J/m 2 . Consequently, water samples have different ozone applied concentrations (C), ozone/water contact times (t) and UV doses. The UV irradiation time is the time of water/UV light contact in the UV chamber and it is 20 seconds for each recirculation. Geosmin, MIB and metolachlor were analysed with a capillary column gas chromatography-mass spectrometry (GC/MS). THMFP was determined following Standard Methods (1998); THMs were determined with a gas chromatograph (GC Perkin-Elmer 8600) with the static head space method. TOC was analysed with a Total Carbon Monitor (model 1010), the UV absorbance with an UV-visible spectrophotometer with a 1 cm quartz cell and turbidity with a 2100 AN Jach turbidimeter. Ozone concentration was measured by means of an ozone analyser (BMT 961) that analyses the flow of ozone production and that of ozone outlet from the reactor; the difference between the second and the first term gives the amount of ozone effectively transferred to water.
Results and discussion
The elaboration of the experimental results was developed in order to point out the process efficiency by comparing ozone conventional oxidation with advanced oxidation of ozone combined with UV. For each parameter the experimental data were represented in different graphs (Figures 2-5 ) with C*t in the x-axis, where C is the ozone applied concentration and t is the ozone/water contact time; the first y-axis represents the parameter concentration or the removal efficiency, while the second y-axis represents the UV dose applied in each experimental test.
Removal of organic matter
As concerns the influence on organic matter of the experimented treatments, ozone alone and combined with UV radiation reduces the absorption of radiation at the wavelength of 254 nm of about 10-20% with ozone/UV 254 nm and 10% with ozone/UV 185 nm ( 2). This is due to a removal of aromatic structures and double bonds of natural organic matter. As shown in Figure 3 the removal of THM precursors with ozone and ozone/UV is very different (from 0 to 40%) and no improvements are observed with increasing ozone and UV dose and contact time. The partial THMFP reduction (10-30%) observed in most of the trials is due to the degradation of humic substances into low molecular weight compounds that are less reactive towards chlorine. However, at the same time, bromide, whose concentration in raw water varies from 5 to 90 µg/L, is oxidized to hypobromite which further leads to brominated compounds (Camel and Bermond, 1998) , with a consequently higher THM formation.
The combination of ozone with UV does not improve THM precursors removal with respect to ozone alone, according to the results of Kusakabe et al. (1990) who found a significant reduction of total organic halide while no differences were shown for chloroform. In some experimental tests, for low ozone concentrations and contact times, a higher THMFP concentration is shown in treated water in comparison with raw water. Similar results were also observed by other authors; Kliser and Frimmel (2000) observed that UV radiation increases THMFP of water until an irradiation time of 100 minutes. Also ozone alone may have different effects on THMFP as, on the one hand, it may destroy THM precursors while, on the other hand, it may form new THM precursors (Camel and Bermond, 1998) .
Geosmin, MIB and metolachlor
Molecular ozone has very different reaction rates with organic compounds (Figure 4) : it reacts very fast with metolachlor, while the odorous compounds (MIB and geosmin) are more persistent, and their complete removal can be obtained only with ozone combined with UV radiation ( Figure 5) .
The improvement in removal rates for taste and odor compounds obtained by the advanced oxidation process (O 3 /UV) can be explained by the action of initiators (UV rays) to introduce the decomposition of the ozone in water, thus generating hydroxyl radicals that are very reactive when the water has a low alkalinity (that means low concentration of scavengers like HCO 3 -, CO 2 -, etc.). The results show that metolachlor can be efficiently removed (about 95%) with ozone alone with C*t = 8-10 mg min/L (ozone concentration = 1 mg/L and 8-10 minutes contact time); the same removal can be obtained with C*t = 4 mg min/L for ozone combined with UV (UV dose = 4,000-6,000 J/m 2 ), this means that, for the same contact time (10 minutes), ozone concentration can be reduced from 1 mg/L to 0.2-0.4 mg/L. Whereas, for geosmin and MIB a complete removal can be obtained only with the combination of ozone (with concentration of 1.5-3 mg/L and contact time of 2-3 minutes) with UV radiation (with doses of 5,000-6,000 J/m 2 ). As concerns bromate formation ( Figure 6 ), a significant reduction is shown in the AOPs with ozone/UV with respect to conventional oxidation with ozone. UV radiation, in the wavelength range of 180-300 nm, provides energy to reduce bromate to hypobromite ion as intermediate and to bromide and oxygen as end products (Siddiqui et al., 1996b) via complex reactions generated by the primary reaction of photolysis.
Ozone combined with UV lamp at 185 nm wavelength is about 10-20% lower than ozone alone; the highest bromate destruction is obtained with ozone combined with UV at 254 nm wavelength, for which bromate is about 40-50% lower than ozone alone and its final concentration is generally lower than the future 31/01 Italian Legislative Decree Limit of 10 µg/L.
Conclusions
The conventional and advanced oxidation tests performed on water contaminated with geosmin, MIB and metolachlor show that the combination of ozone with UV radiation, both at 254 nm and 185 nm wavelengths, improves the process efficiency and offers a complete removal for all the analysed contaminants with C*t of 4-10 mg min/L and UV doses of 4,000-6,000 J/m 2 . All the experimented treatments offer a good removal of organic precursors, while a significant reduction (below the limit of 10 µg/L of 31/01 Italian Legislative Decree) of bromate is obtained only with ozone combined with UV 254 nm. 
